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Abstract 
Background: Fluorescent nanoparticles or quantum dots (QDs) have been intensely studied for basic and applied 
research due to their unique size‑dependent properties. There is an increasing interest in developing ecofriendly 
methods to synthesize these nanoparticles since they improve biocompatibility and avoid the generation of toxic 
byproducts. The use of biological systems, particularly prokaryotes, has emerged as a promising alternative. Recent 
studies indicate that QDs biosynthesis is related to factors such as cellular redox status and antioxidant defenses. 
Based on this, the mixture of extreme conditions of Antarctica would allow the development of natural QDs produc‑
ing bacteria.
Results: In this study we isolated and characterized cadmium and tellurite resistant Antarctic bacteria capable of 
synthesizing CdS and CdTe QDs when exposed to these oxidizing heavy metals. A time dependent change in fluores‑
cence emission color, moving from green to red, was determined on bacterial cells exposed to metals. Biosynthesis 
was observed in cells grown at different temperatures and high metal concentrations. Electron microscopy analysis 
of treated cells revealed nanometric electron‑dense elements and structures resembling membrane vesicles mostly 
associated to periplasmic space. Purified biosynthesized QDs displayed broad absorption and emission spectra char‑
acteristic of biogenic Cd nanoparticles.
Conclusions: Our work presents a novel and simple biological approach to produce QDs at room temperature by 
using heavy metal resistant Antarctic bacteria, highlighting the unique properties of these microorganisms as potent 
natural producers of nano‑scale materials and promising candidates for bioremediation purposes.
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Background
Recently, the vastly explored field of nanotechnology 
has become a key area of technological development [1]. 
In the last decade, fluorescent colloidal nanoparticles 
or quantum dots (QDs) have been intensively studied 
for both basic and applied research due to their unique 
size-dependent properties [2]. These nanoparticles are 
crystalline arrangements sized 1–20  nm, composed by 
elements of groups II–IV, III–V or IV–VI (such as Cd, Te, 
Se, Zn, In, As), which form a core covered by an external 
layer or envelope [3]. In comparison to organic fluoro-
phores, QDs are brighter, more photostable, and display 
a narrower fluorescence emission spectra allowing mul-
tiplexing applications upon excitation by a single wave-
length [4].
Currently, QDs are used on several biological, biomedi-
cal, optical and optoelectronic applications, ranging from 
biosensors to solar cells [5, 6]. QDs synthesis is one of 
the key challenges for applications development, since 
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it determines the size, shape, and surface properties of 
nanoparticles [7]. Traditionally, the synthesis has been 
performed using both physical and chemical approaches 
[8], which are often expensive and harmful to the envi-
ronment due to the use of high temperatures, inert 
atmospheres, and toxic reagents [9]. The development of 
greener (environmentally friendly) synthesis methods has 
been proposed as an alternative to solve these drawbacks, 
since they involve low costs, the absence of toxic chemi-
cals, high performance, and produce nanomaterials with 
well-defined sizes and shapes [10].
The use of biological systems has emerged as a prom-
ising alternative to produce water-soluble nanoparticles 
because they are economic, eco-friendly, easily scaled up, 
free of toxic compounds, biocompatible and the synthesis 
is carried out under room conditions [11]. A wide range 
of organisms, including plants, worms, fungi, yeasts, 
and bacteria can synthesize QDs from different metal 
compounds [12, 13]. Prokaryotes posses outstanding 
additional advantages for QDs synthesis over eukaryotic 
systems such as faster growth rates and efficient strate-
gies to overcome the inherent toxicity of heavy metals 
that constitute the core of these nanoparticles, which are 
very harmful to many organisms at low concentrations 
[14, 15]. These strategies likely include processes such as 
metal reduction and/or precipitation, generating non-
toxic or less toxic metal nanoarrays [16, 17].
Glutathione (GSH) is a fundamental biological thiol 
involved in cell protection against different stresses, for 
example the stress produced by harmful metals [18]. 
This thiol is depleted by oxidative stress generators such 
as cadmium and tellurite ions [19, 20], which are usu-
ally used as substrates in QDs biosynthesis. A positive 
relationship between GSH content and the synthesis of 
nanocrystals has been reported in microbial QDs pro-
duction [21, 22], highlighting the essential role of cellular 
antioxidant defenses for QDs generation.
Antarctica has recently emerged as an extraordinary 
source of microorganisms with exceptional antioxidant 
defenses. This challenging continent, considered the cold-
est and driest place on the planet, also presents other 
extreme conditions such as high levels of solar ultravio-
let radiation, low nutrient availability, high salinity and 
long darkness periods, which increase the generation of 
oxidative stress. This unique mixture of stressful condi-
tions limits the development of biological communities 
[23]. Despite this severe scenario, the presence of micro-
organisms is abundant [24, 25]. These organisms display 
specialized defense mechanisms against reactive oxy-
gen species (ROS) that maintain their redox state under 
constant environmental stress [26, 27]. Some enzymatic 
and non enzymatic adaptations described on Antarctic 
bacteria are: glutathione S-transferase [28], glutathione 
reductase [29], thioredoxin [30], catalases [31], superox-
ide dismutases [32], carotenoids [33] and oxide reductases 
[34]. Furthermore, the special abilities of some Antarctic 
bacteria to produce different nanostructures have been 
recently reported [29, 35, 36]. Thus, the extreme con-
ditions of Antarctica would allow the development of 
bacteria with unparalleled capacity to cope with high con-
centrations of heavy metals and synthesize QDs naturally.
Herein, we report cadmium and tellurite resistant bac-
teria isolated from Antarctica with the ability to produce 
QDs at room temperature by using high concentrations 
of these oxidizing substrates. Different bacterial strains 
showed inherent capabilities for synthesizing fluorescent 
nanostructures with no additional reagents, represent-
ing a promising environmentally friendly methodology to 
produce valuable biological nanoparticles.
Results
Isolation and selection of cadmium and tellurite resistant 
bacteria
A total of 410 bacterial isolates were recovered from Ant-
arctic samples using different culture media (see meth-
ods). Most of the isolates (92.3 %) were able to grow in LB 
medium, being selected for further assays. After, aiming 
to find bacteria for QDs biosynthesis at room tempera-
ture, those isolates able to grow at 15–28  °C (217) were 
chosen for assessing their metal resistance. Among these 
217 isolates, a total of 35 resistant to CdCl2 (200 mg/L), 
44 to K2TeO3 (50 mg/L) and 16 to both toxic salts were 
obtained. The 16 isolates were then subjected to an ini-
tial biosynthesis test (exposure to CdCl2 as previously 
described by Gallardo et al. [36]), to work only with QDs 
producing isolates. Finally, 12 resistant isolates displayed 
fluorescence within 24–48  h after cadmium exposure 
(Fig.  1a). Time dependent changes on the fluorescence 
were evaluated on one representative isolate (Fig.  1b). 
Changes in color emission across the incubation time 
(moving from green to red) were observed in bacterial 
pellets excited at 360 nm. This behavior is a key feature of 
QDs as has been reported previously [36]. Thus, these 12 
isolates were selected for subsequent experiments.
Identification of metal‑resistant bacteria
The results of 16S rRNA gene sequence analysis of the 
12 metal-resistant bacteria revealed that they belong to 
genera Pseudomonas (eight isolates), Psychrobacter (three 
isolates) and Shewanella (one isolate), being renamed as 
Pse, Psy, and She, respectively. Some isolates evidenced 
low similarity scores to known species (Pse7 and Pse8), 
representing probably species not yet described (Fig. 2a). 
Phylogenetic analysis showed three clear clustering pat-
terns in terms of genera and evidenced remarkable 
genetic distances among selected isolates (Fig. 2b).
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Growth and metabolic characteristics of metal‑resistant 
bacteria
Phenotypic characterization of the 12 resistant bacte-
rial isolates evidenced differences among them (Table 1). 
The optimal growth temperature for the 12 isolates 
was 28  °C, nonetheless, isolates were able to grow at 
temperatures ranging from 10–28  °C. No growth was 
observed at 37  °C. All isolates were Gram-negative, 
mostly with homogeneous cream-colored colonies sur-
rounded by abundant mucus. All selected isolates were 
resistant to Lincomycin and sensitive to Gentamycin and 
Kanamycin.
The metabolic profile reveals a high diversity among 
all selected isolates, particularly in terms of enzymatic 
activities, excepting β-galactosidase (negative for all iso-
lates; Table  2). The predominant activities were nitrate 
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Fig. 1 Fluorescence of bacterial pellets under QDs biosynthesis conditions. a Cell pellets of the 12 resistant bacterial isolates producing QDs after 
48 h treatment. b Fluorescence color of cell pellets from one representative bacterial isolate (strain 3) across time. Cells were treated with CdCl2 
(10 mg/L) in PBS buffer and pellets were exposed to UV light (365 nm) to detect fluorescence emission
ba
Isolates Identity Similarity (%) 
Pse1 Pseudomonas fragi ATCC 4973 92.1 
Pse2 Pseudomonas psychrophila Den-03 92.2 
Pse3 Pseudomonas fragi NBRC 12049 88.0 
Pse4 Pseudomonas migulae R-20812 86.7 
Pse5 Pseudomonas fragi CIFTRT177 90.6 
Pse6 Pseudomonas psychrophila AW2 86.2 
Pse7 Pseudomonas psychrophila IARI-R-134 64.3 
Pse8 Pseudomonas psychrophila SAs-12 44.3 
Psy1 Psychrobacter cibarius N-140 92.4 
Psy2 Antarctic Psychrobacter sp. DVS7b 91.9 
Psy3 Psychrobacter aquimaris KOPRI24927 94.8 
She Shewanella baltica MCCC1A07669 94.5 
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Fig. 2 Taxonomic identification of Antarctic resistant bacteria based on 16S rRNA gene sequences. a Assignation of most closely related reference 
strains to each resistant isolate using the Ribosomal Data Project (RDP) database. b Neighbor‑joining tree showing the relationships among the 12 
resistant bacteria. Numbers above branches indicate bootstrap resampling coefficients (>50 %) from 1000 replications. Scale bar corresponds to 0.02 
substitutions per nucleotide position
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reductase and indole production (tryptophanase). In 
terms of substrate utilization, a transversal use of sub-
strates was determined. All isolates were able to metabo-
lize glucose, arabinose, gluconate, and malic acid.
Metal resistance levels of selected bacteria
MIC values for the 12 resistant bacteria ranged between 
500–1400 and 62.5–1200  mg/L for CdCl2 and K2TeO3, 
respectively (Table  3). Cadmium and tellurite resistant 
Table 1 Characterization and growth conditions of metal-resistant bacteria
T temperature; R rod-shaped, Cb coccobacilli; c cream, r reddish
Antibiotic sensitivity: resistant strain = +, sensitive strain = − and intermediate = (+)
Strains
Pse1 Pse2 Pse3 Pse4 Pse5 Pse6 Pse7 Pse8 Psy1 Psy2 Psy3 She
Optimal T (°C) 28 28 28 28 28 28 28 28 28 28 28 28
Gram staining − − − − − − − − − − − −
Cell shape R R R R R R R R Cb Cb Cb R
Colony color c c c c c c c c c c c r
Ampicillin + + + + + + + + − − − −
Colistin − − − − − − − − − − − +
Fosfomycin + + + + + + + + + + + +
Gentamycin − − − − − − − − − − − −
Kanamycin − − − − − − − − − − − −
Lincomycin + + + + + + + + + + + +
Oxolinic acid + + − − − + − − − − − −
Polymixin B − − − − − − − − − − − +
Rifampicin + + + + + + + + − − − (+)
Sulfonamide + + + + + + + + − + + +
Table 2 Metabolic profiles of metal-resistant bacteria
Glu Glucose; Arg Arginine; NAG N-acetylglucosamine
Strains
Pse1 Pse2 Pse3 Pse4 Pse5 Pse6 Pse7 Pse8 Psy1 Psy2 Psy3 She
NO3 reductase + + − + − + − + + + + +
Tryptophanase + + − + − + − + − − + +
Glu fermentation − − + + + − + − + − − −
Arg dihydrolase + + + − + + + + − − − −
Urease + + + − + + + + − − − −
Gelatinase − − − + + − − − − − − +
β‑glucosidase − − + − − − − − − − − +
β‑galatosydase − − − − − − − − − − − −
d‑Glucose + + + + + + + + + + + +
D‑Manose + + + + + + + + + + + −
D‑Manitol + + + + + + + + + + + −
d‑Maltose − − − + + − + − + + + +
L‑Arabinose + + + + + + + + + + + +
NAG + + − + + + + − + + + +
Gluconate + + + + + + + + + + + +
Capric acid + + + + + + + + + − − −
Adipic acid − − − + + − + − + + + −
Malic acid + + + + + + + + + + + +
Phenylacetic acid − − − + + − + − + − − +
Citrate trisodium + + − + + + + + + − − +
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bacteria presented elevated MIC values, which in some 
cases exceed seven and twenty times the concentrations 
used initially for selection, respectively. The strains that 
showed the highest cadmium resistance level were Pse1, 
Pse3 and the three Psychrobacter spp. (1400  mg/L), 
whereas for tellurite were Pse3 and Psy1 (1200 mg/L).
Biosynthesis of fluorescent nanoparticles
Based on MICs and the fluorescence determined in 
Fig. 1, we selected Pse3, Pse8 and Psy1 isolates to assess 
their capacity to biosynthesize QDs under different tem-
peratures and metal concentrations. Optimal conditions 
for nanoparticles bioproduction such as incubation tem-
perature and metal concentrations were determined. 
The experiments were carried out by two treatments: 
exposing bacteria to (a) CdCl2 (10  mg/L) or (b) CdCl2 
(10 mg/L) + K2TeO3 (0.5 mg/L). The effect of incubation 
temperature was investigated at 10, 15 and 28  °C dur-
ing 96  h (Fig.  3). A QDs-characteristic change on fluo-
rescence emission color, moving from green to red, was 
observed in bacterial pellets over time, with slight differ-
ences among strains. The fluorescence of cells exposed to 
CdCl2 increased with temperature, evidencing an optimal 
biosynthesis temperature of 28 °C for the three bacterial 
strains evaluated. Low fluorescence was observed in cells 
treated with CdCl2  +  K2TeO3, particularly when com-
pared to CdCl2 exposed cells. In addition, a black precipi-
tate was observed, most probably corresponding to Teº 
generated by Te4+ reduction [37].
Selected bacteria were then exposed to high concentra-
tions of CdCl2 and K2TeO3. The concentrations of both 
metals assayed for QDs biosynthesis were chosen based 
on MICs and bacterial growth curves of each metal-
resistant isolate (data not shown). Four concentrations of 
CdCl2 (5, 10, 62.5 and 500 mg/L) and K2TeO3 (0.25, 0.5, 3, 
and 25 mg/L) were evaluated and bacterial cultures were 
incubated at 28 °C for 4 days (Fig. 4).
In agreement with results of Fig. 3, strains treated only 
with CdCl2 presented higher fluorescence than those 
exposed to both salts. The Pse3 strain exposed to CdCl2 
presented fluorescence at three concentrations (5, 10, 
and 62.5  mg/L) (Fig.  4a), whereas Pse1 and Psy1 strains 
emitted fluorescence at all CdCl2 concentrations tested, 
including 500  mg/L (Fig.  4b, c). For the treatment with 
both salts, at any K2TeO3 concentration evaluated the 
fluorescence emitted from the three strains was strongly 
affected, and increased tellurite concentrations were pos-
itively correlated with increasing black precipitates (black 
spots in the pellets).
Transmission electron microscopy
To study the effects of biosynthetic conditions on cellular 
ultrastructure of the three resistant bacteria, transmis-
sion electron microscopy (TEM) was performed on cells 
exposed to CdCl2 (condition in which the highest fluores-
cence emission was obtained). The micrographs obtained 
Table 3 Cadmium and tellurite MICs of metal-resistant Antarctic bacteria
Concentrations are expressed as mg/L
Strains
Pse1 Pse2 Pse3 Pse4 Pse5 Pse6 Pse7 Pse8 Psy1 Psy2 Psy3 She
CdCl2 1400 500 1400 500 500 1000 1000 1000 1400 1400 1400 500
K2TeO3 400 125 1200 62.5 400 125 400 600 1200 500 125 125
12 h 
24 h
48 h
72 h
96 h
10 °C 15 °C 28 °C
C Cd Cd/Te Cd/Te Cd/TeC Cd C Cd
12 h 
24 h
48 h
72 h
96 h
a
b
c
12 h 
24 h
48 h
72 h
96 h
Fig. 3 Effect of different incubation temperatures on QDs biosynthe‑
sis. The fluorescence of bacterial cells exposed to metals at different 
temperatures was evaluated. a Pse3, b Pse8 and c Psy1. C = control 
(untreated cells), Cd = cells treated with CdCl2 (10 mg/L) and Cd/
Te = cells treated with CdCl2 (10 mg/L) + K2TeO3 (0.5 mg/L). Cell pel‑
lets were exposed to UV light (365 nm) to detect the fluorescence of 
produced QDs across time
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from TEM evidenced different changes in cell morphol-
ogy and ultrastructure of the three strains tested (Fig. 5). 
The major changes were observed in both, cell envelope 
and poles. In Pseudomonas strains exposed to cadmium 
(Pse3 and Pse1), an increase of periplasmic space, par-
ticularly at the cell poles, was observed (arrows of Fig. 5a, 
b). Moreover, a high number of structures resembling 
outer membrane vesicles (OMV) at the cell periphery 
were detected. In addition, the presence of electron-dense 
nanostructures was observed at the bacterial endings, par-
ticularly in the periplasmic space of Pse1 (Fig. 5b, arrows).
Spectroscopic characterization of biosynthesized 
nanoparticles
The optical properties of QDs produced by the three 
resistant strains were analyzed by determining the 
absorption and fluorescence spectra (Fig.  6). The inset 
of the figure shows the fluorescence of a representative 
solution after purification. Absorption spectra were simi-
lar for QDs produced by all strains displaying increased 
absorption at 400 nm as reported for biosynthesized CdS 
nanoparticles (not shown) [21, 36]. Regarding the emis-
sion spectra, wide peaks between 450–600  nm when 
excited at 365 nm were observed. All spectroscopic char-
acteristics of purified QDs correspond to those previ-
ously reported for CdS biosynthesized nanoparticles [21, 
36, 38, 39].
Discussion
The selection process of cadmium and tellurite resistant 
bacteria from Antarctica revealed an extensive number 
of isolates resistant to each salt. After the initial QDs 
biosynthesis test, 12 resistant isolates displayed the abil-
ity to generate these fluorescent nanoparticles under the 
conditions evaluated. The 16S rRNA gene analysis classi-
fied the 12 resistant isolates up to genus level. All belong 
to Gammaproteobacteria, a class that predominates in 
several Antarctic environments [40]. Based on optimal 
growth temperatures, the 12 selected isolates were clas-
sified as psychrotolerant bacteria [41]. Some records have 
uncovered a predominance of psychrotolerant bacteria 
over psychrophilic ones in habitats dominated by low 
temperatures [42].
Cd Cd/Te
C 5 10 62.5 500 C 0.25 0.5 3 25
12 h 
24 h
48 h
72 h
96 h
12 h 
24 h
48 h
72 h
96 h
12 h 
24 h
48 h
72 h
96 h
a
b
c
Fig. 4 Effect of different heavy metal concentrations on QDs biosyn‑
thesis. Bacterial cell pellets of selected Antarctic strains were exposed 
to UV light (365 nm) to detect the fluorescence of produced QDs over 
time. a Pse3, b Pse8 and c Psy1. Treatments C = control (untreated) 
cells, Cd = cells treated with CdCl2 (5–500 mg/L) and Cd/Te = cells 
treated with CdCl2 (10 mg/L) + K2TeO3 (0.25–25 mg/L)
1 µm 0.5 µm 0.5 µm 
a b c
Fig. 5 Transmission electron microscopy of cells biosynthesyzing QDs. Ultrathin sections of Antarctic bacteria during QDs biosynthesis (cells were 
exposed to 50 mg/L CdCl2 for 36 h). a Pse3, b Pse8, and c Psy1. Arrows indicate bacterial endings where electron‑dense nanostructures and vesicles 
were observed
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The extensive mucus secreted by most bacterial colo-
nies, a characteristic fairly extended in Antarctic bacteria 
[43], could facilitate the process of QDs biosynthesis by 
trapping heavy metals. This could directly favor the pro-
cess of nanoparticle nucleation and/or constitute a strat-
egy to deal with the toxics.
Regarding a potential enzymatic activity linked to 
QDs biosynthesis, just the NADH-dependent enzyme 
nitrate reductase has been previously associated to a 
high production of silver nanoparticles in Bacillus subti-
lis [44] and B. licheniformis [45], whereas in Rhodobac-
ter sphaeroides this enzyme had a central effect over size 
and shape of the nanoparticles [46]. Likewise, nitrate 
reductase is implicated in the generation of PbO and Se 
nanoparticles in Enterobacter sp., B. anthracis [47] and 
Halococcus salifodinae [48]. Interestingly, not all resistant 
bacteria displayed nitrate reductase activity, suggesting 
that other enzymes or molecules may be involved in the 
QDs biosynthetic process described here.
Regarding heavy metal resistance, the 12 resistant bac-
teria showed MIC values ranging from 62.5–1200 mg/L. 
These results indicate the presence of highly resistant 
bacteria, particularly if compared with resistance lev-
els reported for several eukaryotic and prokaryotic cells 
(MICs between 1–50  mg/L) [37]. It has been reported 
that Antarctic bacteria are able to cope and/or adapt to 
pollutants even in low human-impacted environments 
[49–51], illustrating their stunning attributes as promis-
ing candidates for bioremediation purposes.
In Antarctica, most trace elements have a natural ori-
gin, and the accumulation of noxious metals have been 
subject of extensive controversy. Recently, it has been 
advertised that an increase in cadmium levels is linked to 
human activities [52]. Additionally, some penguins pos-
sess ways of absorption, elimination and bioaccumulation 
of this harmful element, which would support its presence 
in the Antarctic ecosystem [53]. These precedents suggest 
that Antarctica is not free of moderate cadmium anthro-
pogenic pollution [54]. In the case of tellurite, no reports 
showing its presence in Antarctic territory have been 
published. Despite this, Arenas et  al. [55] isolated some 
tellurite-resistant bacteria, emphasizing their remarkable 
ability to cope with such a highly oxidative toxicant.
The synthesis of QDs can be easily detected by specific 
color changes during cell incubation, [56]. The intracel-
lular fluorescence color shift observed in all resistant bac-
teria across time, from green to red, it is a unique feature 
of these nanocrystals [3, 21, 36].
To date, the mechanisms involved in biological synthe-
sis of QDs remain poorly understood. Chemical methods 
follow steps involving nucleation and crystals growth 
[57]. On the other hand, QDs biosynthesis appears to be 
more complex. In general, bacterial synthesis is achieved 
by a reduction step followed by metal precipitation [58]. 
Some studies suggest that some bacterial defense mecha-
nisms against oxidative stress generated by toxic metals, 
as thiols, could direct the formation of QDs [21, 59]. In 
this thiol-oxidizing interaction, the oxidant is neutral-
ized by conversion to a less toxic byproduct. During 
the cell-response to the stress generated by Hg, Ag, As, 
Pb and Cd, GSH forms spontaneously ion-conjugates, 
which irreversibly depletes intracellular metal concentra-
tion [59, 60]. For the biosynthesis of CdTe nanocrystals, 
Te2− ions are required to form the nanoparticle core [58]. 
Nevertheless, in our results, an intracellular black pre-
cipitate evidenced a marked reduction of tellurite to Teº, 
as widely reported in Gram-negative tellurite resistant 
bacteria [37]. Accordingly, the low fluorescence observed 
in bacterial cells treated with the mixture of cadmium 
and tellurite salts, may be due to the formation of CdS 
nanocrystals instead of CdTe, probably as consequence of 
the lack of Te2− ions and an accelerated precipitation to 
Teº. Lately, Monrás et al. [21] pointed out the vital impor-
tance of thiols, especially GSH, and the cellular redox 
state for CdS and CdTe production in Escherichia coli. 
These antecedents support the astonishing antioxidant 
defenses of resistant bacteria from Antarctic as enhanced 
QDs producers.
A fundamental parameter for bioproduction of QDs 
is the temperature. Most CdS nanocrystals microbial 
synthesis reported to date are carried out at 37  °C [15]. 
Some studies showing lower synthesis temperatures than 
37  °C have used different bacterial strains such as Lac-
tobacillus sp. [39], R. palustris [61], R. sphaeroides [46], 
Brevibacterium casei [62] and some Antarctic strains 
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Fig. 6 Fluorescence spectra of purified QDs. Fluorescence emission 
spectra of biosynthesized nanoparticles produced by selected Ant‑
arctic bacteria (exc. 365 nm). Inset shows a representative QDs purifi‑
cation obtained from strain Pse3. Treatments C = control (untreated 
cells), Cd = cells treated with CdCl2 (50 mg/L)
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[36]. Nonetheless, heretofore no bacterial strain has bio-
synthesized CdS nanocrystals at as high concentrations 
of CdCl2 as determined in the present study, evidencing 
the enormous potential of Antarctic bacteria like power-
ful QDs producers and bioremediation agents in simul-
taneous processes at room temperature. Furthermore, 
most biosynthesis protocols using different microorgan-
isms and plant extracts use an external source of S, as 
NaS [63], whereas in the procedure described here just 
metal precursors are added (no other additional reagent 
is required). Hence, the fundamental advantages of using 
Antarctic bacteria over previous bacterial QDs methods 
rely on avoiding the use of any additional reagents, room 
conditions to carry out the synthesis process, and pro-
ducing nanoparticles using higher metal concentrations. 
We foresee that Antarctic microorganisms will contrib-
ute to a new era in future industrial production of nano-
materials and in the implementation of bioremediation 
tools.
Changes on the cellular ultrastructure were observed 
for the three representative isolates under QDs biosyn-
thesis conditions, indicating physiological adaptations, 
essentially at the cell poles, as previously described for 
silver nanoparticles [16] and QDs [21]. The nanometric 
structures present in the cells endings subjected to QDs 
biosynthesis conditions were similar to those previously 
observed in the biosynthesis of Ag NPs [36]. The pres-
ence of structures similar to OMV is also observed. Cells 
utilize OMV to deal with diverse environmental stresses 
and their presence in NPs biosynthesis has been reported 
[43, 64–67]. The formation of OMV in R. sphaeroides has 
been linked to the transport of CdS nanostructures [46]. 
In this context, the production of OMV could be stimu-
lated during biosynthesis of QDs as a way to eliminate 
nanoparticles from cells (entrapped within vesicles).
Finally, the wide fluorescence emission spectra of puri-
fied nanoparticles might be consequence of a high size-
dispersion of nanoparticles [15, 68]. This is a typical 
behavior of QDs biosynthesis most probably related with 
differences in the metabolic state of culture cells when 
interacting with metals. In addition, time depending 
changes in emission colors (moving from green to red) 
observed in cell pellets excited at 360 nm is a character-
istic feature of biosynthesized QDs [36]. Altogether, size 
and spectroscopic characteristics displayed on NPs pro-
duced by Antarctic bacteria after metal-exposure con-
firm the generation of fluorescent nanoparticles.
Conclusions
The present study demonstrates the successful synthe-
sis of fluorescent nanoparticles by highly cadmium and 
tellurite resistant bacteria isolated from Antarctica. 
This ecofriendly approach was carried out under room 
conditions and higher concentrations of heavy metals 
than those previously reported. Further research will be 
critical to understand the biochemical and molecular 
mechanisms underlying the nanoparticles biosynthesis in 
order to identify key components that could improve the 
technology.
Finally, our findings provide meaningful insights for the 
development of greener strategies for QDs production 
and highlight the unique properties of microorganisms 
from Antarctica as potent natural producers of nano-
scale materials and promising candidates for bioremedia-
tion purposes.
Methods
Sampling
Samples were collected during the 48th Chilean Antarc-
tic Expedition, sponsored by the Chilean Antarctic Insti-
tute (INACH) in January 2012. Environmental samples of 
seawater, soil, sediments and ice were obtained from King 
George, Greenwich, Livingston, Deception, and Southern 
Shetlands Islands. Samples were taken from each site and 
placed in sterile 50 mL Falcon tubes and cold stored until 
their use.
Isolation of bacteria
100  mg (solid) or 100  µL (liquid) of samples were sus-
pended on 1  mL (final volume) of sterile distilled water 
and stirred by vortexing for 30  min. Then, 10  µL of 
each suspension was used to inoculate 990 µL of differ-
ent growth media, including Luria–Bertani (LB, 1X and 
0.1X), Saline LB (4  % NaCl), R2A [69], ATTC [70] and 
marine medium (1 g yeast extract, 10 g tryptone, 5 g pep-
tone in 1 L of sterilized sea water), incubated at 4–37 °C 
for 24–48 h. Pure bacterial cultures were obtained after 
successive transfers of single colonies to the correspond-
ing medium and then stored by freezing at −80 °C in liq-
uid medium with 30 % (v/v) glycerol.
Selection of cadmium and tellurite resistant bacteria
Bacterial isolates were screened by plating on LB agar 
supplemented with 200 mg/L CdCl2 and 50 mg/L K2TeO3 
(Sigma-Aldrich). Bacterial growth was evaluated after 
24–48 h, and bacteria able to grow in both culture media 
were separated from the rest and designed as resistant 
isolates.
Optimal growth temperature
Resistant bacterial isolates were grown in LB medium 
until OD600 = 0.2 was reached. Serial dilutions were per-
formed in 96-well microplates and 5 µL of each dilution 
were used to inoculate LB plates. The incubation temper-
atures assayed were 4, 10, 15, 28 and 37 °C and bacterial 
growth was checked after 24 h inoculation.
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Identification of resistant bacteria
Metal-resistant bacterial isolates were taxonomically 
classified by 16S rRNA gene sequencing analysis. For 
gene amplification a Colony PCR kit (Bionix Red, Bio-
Line) was used. A single colony of each isolate was heated 
at 95  °C for 10  min to disrupt the cells. PCR reaction 
was performed using universal primers U515 F [71] and 
U1492 R [72] as follows: pre-heating 5 min at 95 °C, fol-
lowed by 25 cycles of denaturation at 95  °C for 30  s, 
annealing 30 s at 55 °C and extension 30 s at 72 °C, plus 
a final extension at 72 °C for 10 min. PCR products were 
evaluated by agarose gel (1  %) electrophoresis (stained 
with GelRed) and sequenced by Macrogen (Korea). Pres-
ence of chimeric sequences were discarded by DECI-
PHER tool [73]. The sequences were analyzed using tools 
from Ribosomal Database Project (RDP) (http://www.
rdp.cme.msu.edu) [74].
Sequences were aligned using MUSCLE method [75] 
and grouped according to their closest neighbors in phy-
logenetic trees by neighbor-joining method. Distances 
were determined using the Maximum Likelihood by 
software MEGA v.6.0.6 [76]. The reproduction of each 
branch was performed by 1000 bootstrap analyses.
Growth and metabolic characteristics of resistant bacteria
Individual characteristics of selected bacterial colonies 
were evaluated using LB medium at 28 °C. Cell character-
ization was performed by Gram staining and by observa-
tion of morphology using a light microscope. Growth of 
resistant bacteria under differents antibiotics was tested 
by Kirby-Bauer method [77] using 10 comercial strips 
(Valtek) for 24 h.
Metabolic characterization consisted in assaying sub-
strates utilization and acid production from various sug-
ars using API 20NE strips (BioMérieux Inc. Durham, 
NC). The results were obtained after 24–48  h inocula-
tion. All assays were carried out according to the manu-
facturer indications.
Minimal inhibitory concentration
MIC values for cadmium and tellurite were determined 
by the method previously described by Pérez et al. [37]. 
Briefly, 10,000  mg/L of CdCl2 and K2TeO3 stock solu-
tions were placed in 300 µL of LB medium. Then, serial 
dilutions were performed in 96-well microplates and 
inoculated with 5  µL of bacterial cultures grown previ-
ously until an OD600 = 0.5. Microplates were incubated at 
28 °C and bacterial growth was evaluated after 24–48 h.
Biosynthesis of fluorescent nanoparticles
QDs biosynthesis was carried out following the protocol 
reported by Monrás et al. [21]. Briefly, resistant bacteria 
were grown overnight in LB medium at 28  °C until an 
OD600  ~0.5 was reached. Then, cells were collected and 
resuspended in two vials with phosphate-buffer saline 
(PBS) 50  mM pH 7.4, one containing CdCl2 (10  mg/L) 
and other CdCl2 (10  mg/L) +  K2TeO3 (0.5  mg/L). Both 
treatments were incubated at 28  °C by 5  days. Each 
12  h tubes were centrifuged at 12,000  rpm for 5  min, 
and QDs production (fluorescence of cellular pellets) 
was evaluated by UV light (365  nm) exposition using a 
transiluminator.
Transmission electron microscopy
Two strains were selected and treated with CdCl2 (10 g/
mL; as detailed above), and grown under QDs biosynthe-
sis conditions for 36  h. Fluorescent cells were collected 
by centrifugation (10,000 rpm for 5 min), fixed using glu-
taraldehyde 2.5 % in cacodilate buffer 0.1 M pH 7.2 dur-
ing 6 h at room temperature and washed with the same 
buffer for 18 h at 4 °C. Samples were fixed with aqueous 
osmium tetroxide (1 %) and uranile acetate (1 %). Finally, 
samples were dehydrated and infiltrated with an epoxy 
resin overnight. Ultrathin Sects.  (60–70  nm thick) were 
obtained using an ultramicrotome (Sorval MT-5000) and 
placed in copper grids (Formvar carbon 300 mesh, grid 
hole size of 63  μm). Electron microscopy images were 
collected using a Phillips Tecnai 12 BioTwin microscope 
at 80 kV.
Purification of biosynthesized nanoparticles
Cell disruption was performed by adding 1  N sodium 
hydroxide (NaOH) to fluorescent bacterial pellets and 
incubating at 90  °C for 5  min, allowing QDs to stay in 
solution. Then, tubes were centrifuged at 10,000  g for 
10 min in order to discard cellular debris. Aqueous phase 
(with the nanoparticles) was obtained after a separation 
of fluorescent fraction with chloroform (2:1) at room 
temperature. The resultant fraction was further purified 
by chromatography using a Sephadex G-75 column equil-
ibrated and eluted with PBS buffer 50 mM. All obtained 
fractions were exposed to UV light (365 nm) to evaluate 
fluorescence, and then were concentrated using Amicon 
(10 kDa) tubes by centrifugation at 7000 rpm for 30 min.
Spectroscopic characterization of biosynthesized 
nanoparticles
Absorbance and fluorescence spectra of purified nano-
particles were determined by using a multiplate reader 
Synergy H1  M (Biotek) at room temperature. Emission 
spectra were obtained after excitation at 365  nm and 
recorded in the range of 400–700 nm.
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